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E-mail address: c.p.ﬁtzsimons@uva.nl (C.P. FitzsimIn this mini-review, we focus on regulatory loops between nuclear receptors and microRNAs, an
emerging class of small RNA regulators of gene expression. Evidence supporting interactions
between microRNAs and nuclear receptors in the regulation of gene expression networks is dis-
cussed in relation to its possible role in neural stem cell self renewal and differentiation. Further-
more, we discuss possible disturbances of the regulatory loops between microRNAs and nuclear
receptors in human neurodegenerative disease. Finally, we discuss the possible use of nuclear recep-
tors as pharmacological entry points to regulate neural stem cell self-renewal and differentiation.
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Nuclear receptors (NRs) are ligand-activated transcription fac-
tors that regulate the expression of target genes by binding to
cis-acting sequences present in the DNA. NRs represent a large
family of genes encoding receptors for various ligands, including
thyroid hormones, retinoic acid, vitamin D and steroid hormones.
In addition, based on sequence similarity to well-characterized
NRs, numerous putative ‘‘orphan’’ NRs have been described, for
which no ligand has yet been identiﬁed. Thus, the NRs comprise
a superfamily of phylogenetically related proteins with diverse
functions that are involved in regulation of development, differen-
tiation, reproduction and homeostasis. By acting as ligand-acti-
vated transcription factors, NRs control the expression of groups
of responsive genes. Members of the NR superfamily include
well-known nuclear hormone receptors, such as the estrogen
receptor (ER), the androgen receptor (AR), the progesterone recep-
tor (PR) and the glucocorticoid receptor (GR) among others, the
metabolic receptors such as the peroxisome proliferator-activated
receptors (PPARs) alpha, beta/delta and gamma, and the liver X
receptor (LXR) among others, as well as orphan receptors [1]. An
example of the orphan receptors is the nuclear receptor homologuechemical Societies. Published by E
science, Swammerdam Insti-
cience Park 904, 1098 XH
ons).of the Drosophila tailless gene (TLX). TLX plays an important role in
various vertebrate brain functions and regulates the timing of neu-
rogenesis in neural stem cells (NSC) [2].
NRs, through their function as specialized ligand-induced tran-
scription factors are key components of transcriptional regulatory
networks in several tissues. Particularly, the brain is an important
target of NR action and most of the family members are
expressed in this tissue. 41 out of 49 NRs have been speciﬁcally
detected in different brain areas, suggesting that NRs are centrally
positioned within regulatory networks that control relevant brain
functions [3].
Modulation by small non-coding RNAs represents a new level of
control of gene expression. The recently discovered small non-cod-
ing RNAs are generally classiﬁed into endogenous small interfering
RNAs (siRNAs), microRNAs (miRNAs) and piwi-interacting RNAs
(piRNAs). In particular, miRNAs and piRNAs have been implicated
in various aspects of animal development, such as neuronal, mus-
cle and germline development [4]. miRNAs are endogenous, short,
21–24 nucleotide-long non-coding RNAs that are expressed in a
tissue-speciﬁc and developmentally-regulated manner. They func-
tion as negative regulators of gene expression in a variety of
eukaryotic organisms by speciﬁcally binding to mRNAs, which re-
sults in cleavage or translation inhibition of the target and thereby
ﬁne-tune protein expression. These small RNA regulators are in-
volved in numerous cellular processes including development, pro-
liferation, differentiation and cell fate decisions [5]. Moreover,
miRNAs are key elements in controlling post-transcriptional genelsevier B.V. All rights reserved.
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works [6]. Interestingly, recent theoretical models have suggested
that miRNAs confer redundancy to transcription factor networks.
This reduces the repertoire of transcription factor target genes
and places miRNAs in a good position to coordinate and inﬂuence
gene expression network regulation [7].
In the following sections, evidence supporting an interaction
between miRNAs and NRs in the regulation of gene expression net-
works will be presented and discussed in relation to its possible
role in neural stem cell self renewal and differentiation and associ-
ation with human neurodegenerative diseases.
2. Interactions between miRNAs and NRs in the regulation of
gene-expression networks by reciprocal expression control
Beyond the phylogenetical relationships mentioned in the pre-
vious section, a functional convergence of NRs is also apparent in
controlling morphogenesis and homeostasis by regulating gene-
expression networks [1]. A recently emerging pattern within the
NR family seems to be the ability to regulate, and in turn to be reg-
ulated by, miRNAs at different levels, in what has been deﬁned as
‘‘regulatory loops’’ [8]. Regulatory feedforward and feedback loops
involving miRNAs are common features of transcription-factor reg-
ulated gene-expression networks (see [7,8] and references there-
in). For the orphan NRs, where the complexity of ligand
modulation is disregarded, it has been proposed that regulatory
loops involving miRNAs may have central roles in controlling
cell-intrinsic pathways involved in key cellular functions. In partic-
ular, miR-9 is expressed preferentially in neurogenic areas of the
brain and has been implicated in neural stem cell self-renewal
and differentiation [9]. The orphan NR TLX, forms a negativeA
B
Fig. 1. NR as spatial and temporal orchestrators of miRNA expression during stem cell
miRNAs could act as controllers of regulatory loops involving transcription factors [4
components, the protein component (representing the transcription factors (TF)) and th
positively on itself. The protein component in Step 1 is target of miRNA inhibition. Step 2
the model presented in A, to accommodate hormone-induced NR action. This extension is
and proposes that NRs for steroid hormones may act as regulators of self-renewal, cell-fa
model, a positive regulatory feedback loop involving NRs and miRNAs, is depicted. The X
(left), low levels of NR activity under conditions of low hormone stimulation are present
peak (center), the effect of sustained hormonal activation (full lines) overcomes miRNA-
and thereby transcription of its responsive genes. Additionally, the decrease in miRNA exp
hormone-responsive. Once the hormone peak has receded, the system returns to its basal
different from the one in the previous cycle, due to the expression of hormone-responsregulatory loop with miR-9, and thereby inﬂuences the balance
between NSC proliferation and differentiation. In NSCs miR-9,
among other functions, represses TLX expression, which results
in a negative regulation of NSC proliferation and accelerated neural
differentiation. Reconstitution of TLX function rescues miR-
9–induced proliferation deﬁciency and inhibits precocious
differentiation, underscoring the relevance of the regulatory loop
involving TLX and miR-9 in orchestrating precise control of gene
expression during NSC renewal and differentiation [10].
With respect to the ligandedNR, regulatory loops involvingmiR-
NAs were recently demonstrated as well. Interestingly, many of
these examples involve NRs for steroid hormones. This may be
either related to a common theme in their regulatory mechanisms
or to themere fact that they have beenmore extensively studied. As
wewill discuss below,many of the studies exploring the interaction
betweenmiRNAs and liganded NRs have focused on the NRs for ste-
roid hormones. As an extensive review of the relationships between
NRs for steroid hormones and miRNAs was recently published [11],
we will here concentrate on some well-characterized members of
this NR family with known functions on NSCs, anticipating that in
the future some of the observations and conclusions based on them
will be extended also to other members of the NR family.
In Drosophila melanogaster, the steroid hormone ecdysone and
its cognate receptor EcR regulate developmental progression [12].
This regulation is at least in part exerted via a positive autoregula-
tory loop involving EcR and miR-14 that controls steroid hormone
signaling (Fig. 1). Ecdysone activates EcR, which stimulates EcR
transcription. miR-14 modulates this loop by limiting expression
of its target, i.e. the EcR. In turn, ecdysone-stimulated EcR down-
regulates miR-14, which alleviates miR-14 repression of EcR and
hence ampliﬁes the response [13].self-renewal and differentiation. (A) A theoretical model proposed to explain how
9]. The scheme shows an example of a negative feedback loop reduced to two
e miRNAs component. Step 1 represents the TF positive action that may feedback
represents the TF-induced transcription of the miRNA component. (B) Extension of
based on experimental data obtained with the steroid hormone receptor EcR [12,13]
te determination and differentiation by modulating miRNA activity. In this extended
–Y axis graph represents a hypothetical cycle of hormone action. In basal conditions
(dashed lines) and repression by miRNA dominates (full line). During the hormone
mediated repression (dashed lines), allowing for a strong (auto)activation of the NR
ression induced by the hormone peak may affect other genes, which are not directly
state (right), where repression by miRNA dominates. Nevertheless, this basal state is
ive genes during the previous peak.
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steroidal ligands, the dafachronic acids, control accurate progres-
sion of cell division and differentiation events during development.
This control is exerted through a feedback loop between DAF-12
and the let-7-family miRNAs involving both the repression of
DAF-12 by let-7-family miRNAs and transcriptional activation
and repression of the let-7-family miRNAs by activated DAF-12.
Thereby, during C. elegans development, microRNAs and NRs are
components of a hormone-coupled molecular switch that shuts
off earlier developmental programs to allow for later ones [14].
In mammalian cells, activation of the ER alpha induces expression
of a characteristic miRNA proﬁle, or ‘‘microRNA signature’’, that
regulates ER alpha expression and its transcriptional response in
a characteristic inhibitory feedback loop that may coordinate cellu-
lar responses to estrogens [15]. Also, recent observations demon-
strate ER alpha to be involved in a positive feedback loop with
miR-375, triggered by loss of epigenetic marks in human breast
cancer cells [16].
Importantly, similar regulatory loops involving NRs and miR-
NAs have been intensively studied in cancer and metabolism.
Therefore, extrapolation of some of the concepts learned from
these systems could provide conceptual grounds to understand
putative roles in other proliferative cells, such as NSCs. An over-
view of the vast literature describing the interplay between NRs
(i.e. for steroid hormones) and miRNAs in various cancers is be-
yond the objective of this minireview and we refer to a recent re-
view on this topic [17].
As discussed before, the mutual regulation between miRNAs
(e.g., miR-375) and ER has been established in human breast cancer
[16]. Moreover, the role of AR and other NRs in regulating microR-
NAs expression (e.g. mir-21 and mir-101) in prostate cancers (re-
cently reviewed in [18]), is under intense investigation. Recent
data suggest that regulatory interactions between the ER, AR, PR
and GR and miRNAs may contribute to disease progression in hor-
mone-responsive cancers [17]. As some of these NRs for steroid
hormones and their regulatory miRNAs may be co-expressed in
NSCs, the regulatory loops initially identiﬁed in cancer cells may
become a useful guide to understand their possible roles in NSC
regulation. Examples are presented in the following sections.
The NR Farnesoid X Receptor (FXR), is involved in the regulation
of lipid homeostasis [1]. Recent evidence has shown the existence
of an elaborate positive regulatory loop involving FXR, miR-34a
and the NAD+-dependent deacetylase SIRT1. FXR inhibits tran-
scription of the miR-34a gene, resulting in positive regulation of
hepatic SIRT1 levels. In turn, SIRT1-mediated deacetylation of
FXR increases binding of the FXR/RXR heterodimer to DNA, result-
ing in further repression of miR-34a expression [19]. Dysregulation
of this feedforward loop due to elevated miR-34a levels may have
serious implications for metabolic diseases [20]. Interestingly, in
the adult hippocampus, miR-34a regulates glutamate metabotro-
pic receptor 7 (mGluR7) levels while miR-34a may contribute to
neurogenesis and neuronal structure remodeling [21]. This sug-
gests that the feedforward loop involving FXR and mir-34a identi-
ﬁed in liver may also have interesting implications in the brain,
where gene expression studies have already identiﬁed the expres-
sion of some FXR isoforms [3].
One emerging pattern from the observations described above
seems to be that regulatory loops comprising miRNAs and NRs
control gene-expression networks involved in the spatio-temporal
coordination of essential cell functions such as proliferation, fate
determination and differentiation. In particular, for the NRs for ste-
roid hormones this is highly reminiscent of the classical role pro-
posed for hormonal action, which is to coordinate growth and
development, tissue function, metabolism and other important
systemic functions in multicellular organisms. On the other hand,
miRNAs play an important role in repressing or promoting cell-fateregulators in a stage-speciﬁc manner [22]. In fact, the role for NRs
in controlling the outcome of gene expression regulatory loops
involving miRNAs that we propose here, is coherent with the ac-
cepted function of steroid hormones as coordinators of local cellu-
lar events with ‘‘systemic needs’’, through the activation of their
cognate receptors [1].
Therefore, based on the published evidence discussed above, we
propose that regulatory loops between NRs and miRNAs provide
entry points for cell-extrinsic factors to impact on miRNAs, thereby
orchestrating cell proliferation, fate determination and differentia-
tion in time and space (Fig. 1). This hypothesis will be discussed in
more extension in the following sections, with particular focus on
NSCs.3. Interactions between miRNAs and NRs in the regulation of
gene-expression networks at other levels
The concerted action of protein co-regulators known as co-
activators or co-repressors is required for accurate regulation of
gene-expression networks by NRs. Interestingly, several miRNAs
have been demonstrated to target various NR co-regulators as well
(recently reviewed in [18]). These observations suggest that
miRNAs may exert coordinating and redundancy-limiting actions
on gene-expression networks controlled by NRs, not only by
targeting the NRs directly but also indirectly by targeting key
factors that control NRs action, i.e. NR co-regulators.
Another very interesting level of interaction between miRNAs
and NRs is the regulation of miRNA biogenesis by NR. Two paradig-
matic members of the steroid receptor family, i.e. ERa and the GR,
have been shown to regulate miRNA biogenesis at different levels.
ERa controls miRNA maturation by regulating the activity of Dro-
sha, one of the key enzymes involved in the production of mature
miRNAs from their precursors [23]. GR also modulates miRNA
expression and processing by controlling the expression of several
key miRNA processing enzymes; Dicer, Drosha and DGCR8/Pasha
[24]. Although these observations are still restricted to some par-
ticular tissues or cell types, the emerging pattern seems to be that
NRs for steroid hormones may be crucial in the post-transcrip-
tional regulation of microRNA expression, favoring the functional
expression of miRNA sets or ‘‘signatures’’ involved in the coordina-
tion of gene-expression networks [15].4. miRNA-NR interactions in neural stem cells and possible
implications for neurodegenerative diseases
Stem cells are unspecialized cells with the potential ability to
become functionally specialized. They are deﬁned by their ability
to self-renew and their capacity to generate various types of differ-
entiated progeny. Their functional differentiation is governed by a
network of cell-intrinsic cues such as the transcription factor Sox2
(Sex determining region of Y chromosome-related high mobility
group box 2) and the Drosophila membrane-associated protein
Numb homologs and cell-extrinsic signals, such as vascular endo-
thelial growth factor (VEGF), Eph/ephrin signaling molecules and
epithelial- and brain derived-growth factors (EGF and BDNF)
[25], just to mention some prominent examples of cell-intrinsic
and extrinsic factors which impact NSC physiology.
Stem cell therapy is already applied in human patients through
the transplantation of donor bone marrow stem cells or umbilical
cord stem cells into the circulatory system of leukemia patients.
Another therapeutic use of stem cells may come from their direc-
ted differentiation into other cell types, also known as trans-
differentiation. In terms of pharmacological approaches to generate
deﬁned lineages from small populations of stem cells, members of
the NR family seem very interesting candidates because of their
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cell types and in their relatively well-known pharmacology [26].
Due to their ability to inﬂuence signaling pathways and gene tran-
scription, NRs regulate key functions of stem cells. NRs play an
important role in the maintenance of pluripotency (ERRbeta,
SF-1, LRH-1, DAX-1) repression of the stem cell phenotype (RAR,
RXR, GCNF) and differentiation of stem cells (LXR, PPARgamma)
[27].
Remarkably, a central role for miRNAs in core regulatory net-
works underlying stem cell self-renewal, pluripotency and differ-
entiation has started to emerge. Particularly, in NSCs a number of
observations have suggested that self-renewal and differentiation
involves the dynamic interaction between transcription factors,
epigenetic control, miRNA regulators and cell-extrinsic signals
([28] and references therein). Therefore, we will now focus on NSC
and discuss examples of regulatory loops involving miRNAs and
NR that may control self-renewal and the differentiation of NSC.
Recently, NSC-based approaches have received much attention
as potential treatment for neurodegenerative disorders. Transplan-
tation of stem cells in animal models of neurodegenerative dis-
eases can, under speciﬁc conditions, improve function by
replacing the lost neurons and glial cells and by mediating remye-
lination, trophic factor actions and modulation of inﬂammation.
Endogenous NSCs are also potential therapeutic targets, because
they produce neurons and glial cells in response to injury and
could be affected by the degenerative process. Therefore, restora-
tion of damaged neural tissue through the use of exogenous or
endogenous NSCs would be an exciting therapeutic option, if one
could control their proliferation, migration and differentiation
according to speciﬁc tissue repair demands [29].
The generation of neurons during mammalian embryonic brain
development involves a switch of NSCs from proliferation to differ-
entiation. Ablation of Dicer, a key enzyme for miRNA biogenesis in
mammals, during embryonic brain development has demonstrated
that miRNAs are essential for survival and differentiation of new-
born neurons [30]. Moreover, embryonic and adult NSCs frequently
undergo asymmetric cell divisions, generating a variety of neuro-
nal and glia lineages necessary for building functional neural tis-
sue. Cell identity is acquired in different brain structures
according to a stereotyped timing schedule where miRNAs seem
to play an important role by repressing transcription factors in-
volved in cell-fate and proliferation-rate regulation [31].
Several individual miRNAs, including miR-124 and miR-9
among others, have been associated with regulation of neurogene-
sis from NSCs (recently reviewed in [32]). As mentioned before,
miR-9 is expressed preferentially in neurogenic areas of the brain
and is engaged in a regulatory loop with TLX, mutually controlling
their expression levels in NSCs and regulating self-renewal and dif-
ferentiation. MiR-124, one of the most abundant miRNAs in the
adult brain, is an important regulator of the temporal progression
of adult neurogenesis, particularly from NSCs present in the sub-
ventricular zone. Knockdown of endogenous miR-124 expression
maintains NSCs as dividing precursors, whereas ectopic expression
leads to precocious and increased neuronal differentiation, i.e. by
antagonizing the anti-neural REST/SCP1 pathway [33,34].
As discussed in previous sections, the existence of regulatory
feedback loops linking miRNAs to transcription factors expression
and vice-versa, has been extensively documented in several sys-
tems including cancer, metabolic diseases and stem cell biology
and some of these regulatory loops involve NRs. These miRNA-
mediated positive and negative feedback loops could be of physio-
logical relevance in NSCs [8]. MiRNA regulatory feedback loops
may further have consequences for neurodegenerative diseases
such as Huntington’s disease; the levels of several miRNAs respon-
sive to the REST transcription factor (speciﬁcally miR-9 and 9⁄)
were e.g. decreased in HD patients brain relative to healthycontrols. In turn, miR9/9⁄ control the expression of components
of the REST complex, conforming a mutual regulatory feedback
loop [35,36]. This may suggest that TLX, due to its ability to
regulate miR-9 expression in the mutual regulatory loop previ-
ously discussed, could be involved in the decrease in miR-9 expres-
sion observed in Huntington patient’s brain.
Interestingly, microRNA feedback loops have been linked to
other neurodegenerative diseases, such as Parkinson’s. Here, miR-
NA133b controls the transcription factor Pitx3 in an intrinsic regu-
latory feedback loop [37]. In C. elegans, the expression of the
Alzheimer’s amyloid precursor protein-like gene is regulated by
regulatory loops involving let-7 and its targets, the transcription
factors hbl-1 and lin-42, involved in developmental timing [38].
Moreover, recent observations have demonstrated that besides
expression regulation, miRNAs may be involved in the regulation
of alternative splicing of the amyloid precursor protein (APP)
mRNA, which affects b-amyloid peptide production. Interestingly,
a lack of miRNAs induced by ablation of Dicer in post-mitotic neu-
rons in vivo is associated with APP exons 7 and 8 inclusion, while
ectopic expression of miR-124 reversed these effects [39].
With respect to the mutual regulatory loop involving FXR and
miR-34a discussed in previous sections that may have signiﬁcant
effects on lipid and glucose metabolism [20], it is interesting to
note that the lipid proﬁle of the CNS is of considerable interest with
respect to neurodegenerative diseases. High levels of cholesterol
are present in the CNS (with cerebral cholesterol homeostasis
being altered in Alzheimer’s diease). Since some cholesterol
metabolites can act as ligands for nuclear receptors, this has raised
interest in their role in neurodegenerative disease, e.g. into the role
of LXR in Alzheimer’s disease [40]. Since miR-34a is known to mod-
ulate differentiation of stem cells, the identiﬁcation of the FXR/
miR-34a loop in NSCs could provide new avenues to control NSC
self-renewal and differentiation. Then, as a general remark, NR li-
gands may provide attractive pharmacological entry points to re-
place stem cell genetic reprogramming factors. Thus, NRs could
become important for drug discovery and cell replacement thera-
pies for neurodegenerative diseases.
The concept we highlight here is to some extent inspired by
observations done with the steroid hormone receptor EcR, that
incorporates nuclear receptors into miRNA regulatory feedback
loops (Fig. 1B). This allows for a cell-extrinsic coordination of the
regulatory feedback loops in vivo by endocrine/paracrine/auto-
crine active molecules. This implies that important cell-intrinsic
factors controlling stem cell self-renewal, fate and differentiation,
such as miRNAs, could be inﬂuenced, modulated and coordinated
in space and time by the extracellular environment through activa-
tion of NRs. In the developing CNS, subtypes of neurons and glial
cells are generated according to a schedule that is deﬁned by
cell-intrinsic and extrinsic mechanisms that function at the pro-
genitor-cell level [41]. Interestingly, during CNS development, the
NRs Coup-tfI and Coup-tfII, also known as Nr2f1 and Nr2f2, are re-
quired for the temporal speciﬁcation of neural stem/progenitor
cells [42]. This could provide a relevant system for validation of
the general relevance of regulatory loops involving NRs and miR-
NAs in NSC self-renewal and differentiation to neurons and other
neural cell types.
Regulatory loops between miRNAs and NR, explicitly demon-
strated in NSC, involve members of the orphan NR group, i.e TLX.
This has suggested that TLX may be involved in orchestrating
members of the miRNA signature (i.e. mir-9) [10] to control NSC
differentiation through precise transitions between neural progen-
itors and differentiated cells. Although speciﬁc regulatory feedback
loops involving NR for steroid hormones and miRNAs have not
been demonstrated unequivocally in NSC yet, mounting evidence
suggests that they may exist. Both GR and ER expression are
regulated by several miRNAs ([43] [44], and extensively reviewed
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multiple miRNAs [15,45].
Many steroid hormone receptors are expressed in adult NSC,
including GR and ER [46,47]. Although NSC self renewal and differ-
entiation are thought to be essentially cell-intrinsic processes, ste-
roid hormones and their cognate receptors may inﬂuence neural
NSC through the regulation of transcriptional and posttranscrip-
tional process in a cell-extrinsic fashion. Estrogens, via ER, affect
the proliferation and differentiation of NSC cells, probably acting
in conjunction with other extrinsic factors governing NSC develop-
ment [46]. In this respect, it could be very interesting to see if the
feedforward loop involving ER and miR-375 recently described in
human cancer cells [16], is expressed in NSCs and if so, which ef-
fect it could have on their proliferation/differentiation. On the
other hand, adrenal ‘‘stress’’ steroids (i.e glucocorticoids) are strong
inhibitors of adult neurogenesis, acting through the GR [48].
MiR-124, a key regulator of adult neurogenesis [33], negatively
regulates the expression of genes involved in NSC differentiation,
among which are components of the REST/SCP1 pathway and the
GR [34,43]. If effects of the GR on miR-124 expression in NSC could
be experimentally demonstrated, they would provide evidence for
the existence of new regulatory feedback loops involving miRNAs
and steroid receptors, with potential mechanistic and therapeutic
importance for NSCs and neurodegenerative diseases.5. Concluding remarks
In this article we have brieﬂy discussed the existence of regula-
tory feedback loops involving various miRNAs and NRs that could
have central physiological relevance, particularly in neural stem
cells. Recent evidence reviewed in this article suggests that these
loops could be more common than previously anticipated. Obvi-
ously, this concept together with its mechanistic and physiological
implications, await further experimental demonstration.
Initial attempts to apply stem cells to CNS tissue engineering re-
lied on intrinsic cellular properties of NSC. However, it is now
appreciated that the environment surrounding the cells plays an
indispensible role in regulating stem cell behavior. Therefore,
NRs could provide a therapeutic entry point to exploit regulatory
feedback loops with miRNAs involved in stem cell self-renewal
and determination. In this way, using known NRs ligands or small
molecules designed to mimic them, one could be able to instruct
endogenous or transplanted neural stem cells to respond or ignore
signals from the surrounding environment consequently beneﬁt-
ing speciﬁc tissue repair demands.
Thus, modulation of NR activity by pharmacological agents
could be applied in the future to reprogram stem cells, particularly
NSC, with strong implications for the future treatment of neurode-
generative disease.
Acknowledgements
C.P.F. is grateful to Dr. Didier Picard for fruitful discussions. This
work was supported by a VIDI Grant from the Netherlands Organi-
zation for Scientiﬁc Research (NWO) (to CPF). P.J.L. is supported by
the EU (NEURAD), Corcept, ISAO, IPF and the Dutch Brain founda-
tion. C.P.F. acknowledges Dr. S.A. Fratantoni for critically reading
the manuscript.
References
[1] Evans, R.M. (2005) The nuclear receptor superfamily: a rosetta stone for
physiology. Mol. Endocrinol. 19, 1429–1438.
[2] Roy, K., Kuznicki, K., Wu, Q., Sun, Z., Bock, D., Schutz, G., Vranich, N. and
Monaghan, A.P. (2004) The Tlx gene regulates the timing of neurogenesis in
the cortex. J. Neurosci. 24, 8333–8345.[3] Gofﬂot, F., Chartoire, N., Vasseur, L., Heikkinen, S., Dembele, D., Le Merrer, J.
and Auwerx, J. (2007) Systematic gene expression mapping clusters nuclear
receptors according to their function in the brain. Cell 131, 405–418.
[4] Meister, G. and Tuschl, T. (2004) Mechanisms of gene silencing by double-
stranded RNA. Nature 431, 343–349.
[5] Bartel, D.P. (2004) MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell 116, 281–297.
[6] Cui, Q., Yu, Z., Purisima, E.O. and Wang, E. (2006) Principles of microRNA
regulation of a human cellular signaling network. Mol. Syst. Biol. 2, 46.
[7] Iwama, H., Murao, K., Imachi, H. and Ishida, T. (2011) MicroRNA networks alter
to conform to transcription factor networks adding redundancy and reducing
the repertoire of target genes for coordinated regulation. Mol. Biol. Evol. 28,
639–646.
[8] Tsang, J., Zhu, J. and van Oudenaarden, A. (2007) MicroRNA-mediated feedback
and feedforward loops are recurrent network motifs in mammals. Mol. Cell 26,
753–767.
[9] Krichevsky, A.M., Sonntag, K.C., Isacson, O. and Kosik, K.S. (2006) Speciﬁc
microRNAs modulate embryonic stem cell-derived neurogenesis. Stem Cells
24, 857–864.
[10] Zhao, C., Sun, G., Li, S. and Shi, Y. (2009) A feedback regulatory loop involving
microRNA-9 and nuclear receptor TLX in neural stem cell fate determination.
Nat. Struct. Mol. Biol. 16, 365–371.
[11] Cochrane, D.R., Cittelly, D.M. and Richer, J.K. (2011) Steroid receptors and
microRNAs: relationships revealed. Steroids 76, 1–10.
[12] Karim, F.D. and Thummel, C.S. (1992) Temporal coordination of
regulatory gene expression by the steroid hormone ecdysone. EMBO J. 11,
4083–4093.
[13] Varghese, J. and Cohen, S.M. (2007) MicroRNA miR-14 acts to modulate a
positive autoregulatory loop controlling steroid hormone signaling in
Drosophila. Genes Dev. 21, 2277–2282.
[14] Bethke, A., Fielenbach, N., Wang, Z., Mangelsdorf, D.J. and Antebi, A. (2009)
Nuclear hormone receptor regulation of microRNAs controls developmental
progression. Science 324, 95–98.
[15] Castellano, L. et al. (2009) The estrogen receptor-alpha-induced microRNA
signature regulates itself and its transcriptional response. Proc. Natl. Acad. Sci.
USA 106, 15732–15737.
[16] de Souza Rocha Simonini, P., Breiling, A., Gupta, N., Malekpour, M., Youns, M.,
Omranipour, R., Malekpour, F., Volinia, S., Croce, C.M., Najmabadi, H.,
Diederichs, S., Sahin, O., Mayer, D., Lyko, F., Hoheisel, J.D., Riazalhosseini, Y.
Epigenetically deregulated microRNA-375 is involved in a positive feedback
loop with estrogen receptor alpha in breast cancer cells. Cancer Res. 70, 9175–
9184.
[17] Tessel, M.A., Krett, N.L. and Rosen, S.T. (2010) Steroid receptor and microRNA
regulation in cancer. Curr. Opin. Oncol. 22, 592–597.
[18] Pandey, D.P. and Picard, D. (2010) Multidirectional interplay between nuclear
receptors and microRNAs. Curr. Opin. Pharmacol. 10, 637–642.
[19] Lee, J., Padhye, A., Sharma, A., Song, G., Miao, J., Mo, Y.Y., Wang, L. and Kemper,
J.K. (2010) A pathway involving farnesoid X receptor and small heterodimer
partner positively regulates hepatic sirtuin 1 levels via microRNA-34a
inhibition. J. Biol. Chem. 285, 12604–12611.
[20] Lee, J. and Kemper, J.K. (2010) Controlling SIRT1 expression by microRNAs in
health and metabolic disease. Aging (Albany NY) 2, 527–534.
[21] Zhou, R. et al. (2009) Evidence for selective microRNAs and their effectors as
common long-term targets for the actions of mood stabilizers.
Neuropsychopharmacology 34, 1395–1405.
[22] Moss, E.G. (2007) Heterochronic genes and the nature of developmental time.
Curr. Biol. 17, R425–R434.
[23] Yamagata, K. et al. (2009) Maturation of microRNA is hormonally regulated by
a nuclear receptor. Mol. Cell 36, 340–347.
[24] Smith, L.K., Shah, R.R. and Cidlowski, J.A. (2010) Glucocorticoids modulate
microRNA expression and processing during lymphocyte apoptosis. J. Biol.
Chem. 285, 36698–36708.
[25] Alvarez-Buylla, A. and Lim, D.A. (2004) For the long run: maintaining germinal
niches in the adult brain. Neuron 41, 683–686.
[26] Jeong, Y. and Mangelsdorf, D.J. (2009) Nuclear receptor regulation of stemness
and stem cell differentiation. Exp. Mol. Med. 41, 525–537.
[27] Mullen, E.M., Gu, P. and Cooney, A.J. (2007) Nuclear receptors in regulation of
mouse ES cell pluripotency and differentiation. PPAR Res. 2007, 61563.
[28] Yun, S.J., Byun, K., Bhin, J., Oh, J.H., Nhung le, T.H., Hwang, D. and Lee, B. (2010)
Transcriptional regulatory networks associated with self-renewal and
differentiation of neural stem cells. J. Cell Physiol. 225, 337–347.
[29] Lindvall, O. and Kokaia, Z. (2010) Stem cells in human neurodegenerative
disorders – time for clinical translation? J. Clin. Invest. 120, 29–40.
[30] De Pietri Tonelli, D., Pulvers, J.N., Haffner, C., Murchison, E.P., Hannon, G.J. and
Huttner, W.B. (2008) MiRNAs are essential for survival and differentiation of
newborn neurons but not for expansion of neural progenitors during early
neurogenesis in the mouse embryonic neocortex. Development 135, 3911–
3921.
[31] Decembrini, S. et al. (2009) MicroRNAs couple cell fate and developmental
timing in retina. Proc. Natl. Acad. Sci. USA 106, 21179–21184.
[32] Ma, D.K., Marchetto, M.C., Guo, J.U., Ming, G.L., Gage, F.H. and Song, H. (2010)
Epigenetic choreographers of neurogenesis in the adult mammalian brain.
Nat. Neurosci. 13, 1338–1344.
[33] Cheng, L.C., Pastrana, E., Tavazoie, M. and Doetsch, F. (2009) MiR-124 regulates
adult neurogenesis in the subventricular zone stem cell niche. Nat. Neurosci.
12, 399–408.
722 R.J.A.H. Eendebak et al. / FEBS Letters 585 (2011) 717–722[34] Visvanathan, J., Lee, S., Lee, B., Lee, J.W. and Lee, S.K. (2007) The microRNA
miR-124 antagonizes the anti-neural REST/SCP1 pathway during embryonic
CNS development. Genes Dev. 21, 744–749.
[35] Laneve, P., Gioia, U., Andriotto, A., Moretti, F., Bozzoni, I. and Caffarelli, E.
(2010) A minicircuitry involving REST and CREB controls miR-9-2
expression during human neuronal differentiation. Nucleic Acids Res. 38,
6895–6905.
[36] Packer, A.N., Xing, Y., Harper, S.Q., Jones, L. and Davidson, B.L. (2008) The
bifunctional microRNA miR-9/miR-9⁄ regulates REST and CoREST and is
downregulated in Huntington’s disease. J. Neurosci. 28, 14341–14346.
[37] Kim, J., Inoue, K., Ishii, J., Vanti, W.B., Voronov, S.V., Murchison, E., Hannon, G.
and Abeliovich, A. (2007) A microRNA feedback circuit in midbrain dopamine
neurons. Science 317, 1220–1224.
[38] Niwa, R., Zhou, F., Li, C. and Slack, F.J. (2008) The expression of the Alzheimer’s
amyloid precursor protein-like gene is regulated by developmental timing
microRNAs and their targets in Caenorhabditis elegans. Dev. Biol. 315, 418–
425.
[39] Smith, P., Al Hashimi, A., Girard, J., Delay, C. and Hébert, S.S. (2011) In vivo
regulation of amyloid precursor protein neuronal splicing by microRNAs. J.
Neurochem. 116, 240–247.
[40] Ogundare, M., Theoﬁlopoulos, S., Lockhart, A., Hall, L.J., Arenas, E., Sjövall, J.,
Brenton, A.G., Wang, Y. and Grifﬁths, W.J. (2010) Cerebrospinal ﬂuid
steroidomics: are bioactive bile acids present in brain? J. Biol. Chem. 285,
4666–4679.
[41] Miller, F.D. and Gauthier, A.S. (2007) Timing is everything: making neurons
versus glia in the developing cortex. Neuron 54, 357–369.[42] Naka, H., Nakamura, S., Shimazaki, T. and Okano, H. (2008) Requirement for
COUP-TFI and II in the temporal speciﬁcation of neural stem cells in CNS
development. Nat. Neurosci. 11, 1014–1023.
[43] Vreugdenhil, E. et al. (2009) MicroRNA 18 and 124a down-regulate the
glucocorticoid receptor: implications for glucocorticoid responsiveness in the
brain. Endocrinology 150, 2220–2228.
[44] Pandey, D.P. and Picard, D. (2009) MiR-22 inhibits estrogen signaling by
directly targeting the estrogen receptor alpha mRNA. Mol. Cell Biol. 29, 3783–
3790.
[45] Rainer, J. et al. (2009) Glucocorticoid-regulated microRNAs and mirtrons in
acute lymphoblastic leukemia. Leukemia 23, 746–752.
[46] Brannvall, K., Korhonen, L. and Lindholm, D. (2002) Estrogen-receptor-
dependent regulation of neural stem cell proliferation and differentiation.
Mol. Cell Neurosci. 21, 512–520.
[47] Garcia, A., Steiner, B., Kronenberg, G., Bick-Sander, A. and Kempermann, G.
(2004) Age-dependent expression of glucocorticoid- and mineralocorticoid
receptors on neural precursor cell populations in the adult murine
hippocampus. Aging Cell 3, 363–371.
[48] Oomen, C.A., Mayer, J.L., de Kloet, E.R., Joels, M. and Lucassen, P.J. (2007) Brief
treatment with the glucocorticoid receptor antagonist mifepristone
normalizes the reduction in neurogenesis after chronic stress. Eur. J.
Neurosci. 26, 3395–3401.
[49] Aguda, B.D., Kim, Y., Piper-Hunter, M.G., Friedman, A. and Marsh, C.B. (2008)
MicroRNA regulation of a cancer network: consequences of the feedback loops
involving miR-17–92, E2F, and Myc. Proc. Natl. Acad. Sci. USA 105, 19678–
19683.
